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The semileptonic weak decay process of the Λc baryon to the neutron Λc → ne+νe
is examined. The transition form factors are investigated with light-cone QCD sum
rules. The differential decay width is obtained in the dynamical region by fitting the
sum rules-allowed results with the dipole formula. The total decay width and the
branching ratio are estimated to be Γ(Λc → ne+νe) = (8.89±0.36)×10−15 GeV and
Br(Λc → ne+νe) = 0.27 ± 0.01%, respectively.
PACS numbers: 11.25.Hf, 11.55.Hx, 13.40.Gp.
I. INTRODUCTION
Heavy flavor physics may provide many details of the Standard Model, such as informa-
tion of the Cabibbo-Kobayashi-Maskawa (CKM) matrix elements, the intrinsic structure
of the strong interaction, possible evidences of new physics beyond the Standard Model,
and so on. Investigation of heavy b or c mesons or baryons appeals much interest both
in experiments and theory. There are many research works on the Λc baryon in the past
years. In experiments, data of the process Λc → pK−π+ has been obtained and im-
proved in fairly good accuracy. Early in 2013 the Belle Collaboration at KEKB measured
the first model independent branching ratio Br(Λc → pK−π+) = (6.84 ± 0.24+0.21−0.27)%[1].
This measurement improved the precision of the absolute branching ratios of other decay
modes of the Λc baryon. Next in 2015 the BESIII Collaboration reported the first abso-
lute measurement of the branching ratio of the semileptonic decay process Λc → Λe+νe,
Br(Λc → Λe+νe) = (3.63± 0.38(sta)± 0.20(sys))%[2]. Later in 2016, the BESIII Collabo-
ration gives the improvement of the Λc decay modes, including the process Λc → pK−π+,
Br(Λc → pK−π+) = (5.84±0.27±0.23)%[3]. Many theoretical analysis have been devoted
to the topic, including the covariant quark model[4, 5], the light-cone QCD sum rules[6–8],
the SU(3) flavor symmety[9], the relativistic quark model[10], and other models[11, 12].
From the viewpoint of quark level, there are two main modes in heavy-light semiletonic
decay channels at tree level of a baryon containg a c quark, namely c → s and c → d.
Respectively, they correspond to the final baryons Λ and n in the case of the Λc baryon
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2decay modes. It is known that the decay amplitude is suppressed by the CKM matrix
element |Vcq|2, so the decay rate of the mode Λc → n is expected to be much smaller than
that of Λc → Λ because Vcd/Vcs ∼ 0.2. It may be one of the main reasons why this mode
has not been measured experimentally yet to date. However, the lifetime of the neutron
is much longer than that of the Λ baryon, so it may be expected to test the process more
accurately in experiments in spite of its small decay rate.
Furthermore, it can be expected that more data on the process Λc → n will appear
in the near future, so it is useful to investigate the process theoretically in a reliable and
well used method. Light-cone QCD sum rules has been well used to study the heavy-light
semileptonic decay process. In Ref. [7] the author studied the form factors related to the
process ΛQ → Nlνl with the light-cone QCD sum rules. The analysis shows that the results
of the process Λc → ne+νe are larger than recent results from other approaches[4, 9, 10, 12].
Therefore a reanalysis is useful and instructive for discussion of this process. In this paper
we choose a different interpolating current for the Λc baryon as inputs and expect to gain
better estimate.
At the fundamental particle level, the process Λc → ne+νe can be divided into two parts.
On the hadron side, we need to consider the weak decay process c→ d via the W+ boson,
while on the lepton side the W+ boson decays into e+νe. In calculations with effective
theories, the leptonic part can be calculated with conventional field theory method, while
the hadron part, which is generally parameterized using form factors, need to be analyzed
taking into account the nonperturbative effects. Light-cone QCD sum rules is a useful
nonperturbative method[13–16]. When starting from the correlation function, which is the
matrix element of the current-current interaction between vacuum and the final state, the
decay quark fields are contracted, while the other ones between the vacuum and the final
state can be expanded on the light-cone, which is related to the nonperturbative effect of
the QCD. Generally the nonperturbative effect can be parameterized with some general
functions which do not rely on any specific process. We call these functions light-cone dis-
tribution amplitudes(LCDAs). Light-cone distribution amplitudes denote the distribution
of the hadron momentum among the partial particles. Therefore, the predictions with this
method depends on the precision of the light-cone distribution amplitudes of the related
particle.
The light-cone distribution amplitudes of the neutron has been examined for a long time.
Since the beginning of this century, many efforts have been devoted to the study of the
light-cone distribution amplitudes of the nucleon[17–19] and the strange octet baryons[20–
22]. The reader is referred to the paper[23] for a detailed overview. These LCDAS have
been well used in analyzing the QCD related processes of the baryons[24–28] and give fairly
accurate predictions.
The rest of the manuscript is organized as follows. Section II is devoted to the derivation
of the sum rules of the weak decay form factors. In Sec. III, the sum rules are analyzed
numerically and the main results are presented. A brief summary is presented in Sec. IV.
3II. LIGHT-CONE QCD SUM RULES OF THE PROCESS Λc → ne+νe
The effective Hamitonian of the weak decay process Λc → ne+νe is
Heff = GF√
2
Vcdd¯γµ(1− γ5)cu¯eγµ(1− γ5)νe, (1)
where GF is the Fermi constant, Vcd is the CKM matrix element, d, c, ue and νe are the
field operators of the d, c, e+ and νe particles. The main aim of this paper is to deal with
the hadronic part which can be parameterized as the heavy-light quark transition form
factors.
In accordance to the standard procedure of the light-cone QCD sum rules, the derivation
of the sum rules for the form factors starts from the following two-point correlation function
between vacuum and the final state |N〉:
zµTµ(P, q) = iz
µ
∫
d4xeiq·x〈0|T{jΛc(0)jµ(x)}|N(P )〉, (2)
where jΛc is the interpolating current of the Λc baryon, jµ(x) = c¯γµ(1 − γ5)d(x) is the
current describing the weak interaction at the quark level, and z is the light-cone vector
with z2 = 0. Fig. 1 is a legend of the leading order contribution to the correlation function.
In this paper we use the following current defined on the light-cone to interpolate the Λc
baryon field
jΛc(x) = ǫijk(u
i(x)Cγ5 6zdj(x)) 6zck(x). (3)
The coupling constant of the baryon is defined by the matrix element of the interpolating
current (3) between the vacuum and the baryon state:
〈0|jΛc|Λc(P )〉 = fΛc(P · z) 6zΛc(P ), (4)
where fΛc determines the normalization of the leading twist neutron distribution amplitude.
Considering the quantum numbers of the baryons and the Lorentz structure of the
current, the weak transition of the Λc to the neutron can be parameterized as follows:
〈Λc(P − q)|jµ|n〉 = u¯Λc(P − q)
[
f1γµ − i f2
MΛc
σµνq
ν − f3
MΛc
qν
−(g1γµ + i g2
MΛc
σµνq
ν − g3
MΛc
qν
)
γ5
]
N(P ). (5)
In the above expression, fi and gi, i = 1, 2, 3, are the weak transition form factors, uΛc
and N are the spinors of Λc and the neutron, respectively, and MΛc is the mass of Λc.
At hadronic level, the correlation function (2) is calculated by inserting a complete set
of baryon states which have the same quantum numbers as Λc. By using the translation
invariance and integrating the coordinate variables, the hadronic part is obtained as
zµT
µ(P, q) =
2fΛc
M2Λc − P ′2
(P ′ · z)2
[
f1 6z + f2 6z 6q
MΛc
− (g1 6z − g2 6z 6q
MΛc
)
γ5
]
N(P ) + · · · , (6)
4FIG. 1: Leading-order contribution to the correlation function (2).
in which “ · · ·” denotes the resonance and continuum contributions and P ′ = P + q. The
form factors f3 and g3 vanish in the representation due to the conservation of the vector
current.
On the other hand, the correlation function (2) can be expanded on the light-cone z2 =
0. With the light-cone distribution amplitudes presented in Refs.[17, 18], the correlation
function (2) is calculated at the QCD level as
zµT
µ(P, q) =
∫ 1
0
dα2
α2
(α2P − q)2 −m2c
{
B0(α2)− α2M
2
(α2P − q)2 −m2c
B1(α2)
+
M2
(α2P − q)2 −m2c
B3(α2) +
2α22M
4
((α2P − q)2 −m2c)2
B4(α2)
− 2α2m
2
cM
2
((α2P − q)2 −m2c)2
B3(α2)
}
(P · z)2(6z(1 − γ5)N)
+
∫ 1
0
dα2
α2M
(α2P − q)2 −m2c
{
B2(α2)− 2α2M
2
((α2P − q)2 −m2c)2
B4(α2)
}
×(P · z)2(6z 6q(1 + γ5)N), (7)
where M is the mass of the neutron and the light quark is approximated to be massless
5mu,d = 0, and the following abbreviates are used for compactness:
B0(α2) =
∫ 1−α2
0
dα1(V1 + A1 + 2T1)(α1, α2, 1− α1 − α2),
B1(α2) = 2V˜1(α2)− V˜2(α2)− V˜3(α2)− V˜4(α2)− V˜5(α2) + 2A˜1(α2)− A˜2(α2) + A˜3(α2)
+A˜4(α2)− A˜5(α2) + 2T˜1(α2) + T˜2(α2)− 3T˜3(α2)− 2T˜4(α2)− T˜5(α2) + 2T7(α2),
B2(α2) = V˜1(α2)− V˜2(α2)− V˜3(α2) + A˜1(α2)− A˜2(α2) + A˜3(α2) + 3
2
T˜1(α2) +
1
2
T˜2(α2)
−2T˜3(α2)− T˜5(α2),
B3(α2) = 2
˜˜
T 2(α2)− 3˜˜T 3(α2)− 2˜˜T 4(α2) + 2˜˜T 5(α2) + 2˜˜T 7(α2) + 2˜˜T 8(α2),
B4(α2) =
˜˜
V 1(α2)− ˜˜V 2(α2)− ˜˜V 3(α2)− ˜˜V 4(α2)− ˜˜V 5(α2) + ˜˜V 6(α2) + A˜1(α2)− ˜˜A2(α2)
+
˜˜
A3(α2) +
˜˜
A4(α2)− ˜˜A5(α2) + ˜˜A6(α2)− 2˜˜T 1(α2) + 2˜˜T 2(α2)− 3˜˜T 3(α2)
−2˜˜T 4(α2) + 4˜˜T 5(α2)− 2˜˜T 6(α2) + 6˜˜T 7(α2) + 6˜˜T 8(α2), (8)
where the definitions of the distribution amplitudes Vi, Ai, Ti with definite twist can be
found in Refs.[17, 18], and the functions with a “tilde” are defined as
F˜ (α2) =
∫ α2
0
dα′2
∫ 1−α′
2
0
dα1F (α1, α
′
2, 1− α1 − α′2),
˜˜
F (α2) =
∫ α2
0
dα′2
∫ α′
2
0
dα′′2
∫ 1−α′′
2
0
dα1F (α1, α
′′
2, 1− α1 − α′′2). (9)
To get reliable and stable sum rules, quark-hadron duality and Borel transformation are
usually adopted. The main idea of the duality approximation is that the spectral density of
the hadron part can be approximated by the spectral density calculated in QCD, so that the
higher resonance and continuum contributions in hadron representation can be calculated
with the integration of the spectral density upon some value that is related to the first
resonance of the intermediate hadron we insert, and the threshold s0 is thus introduced to
denote this value. Another parameter M2B comes from the Borel transformation, which is
defined as
Bˆ
(Q2)
M2
B
≡ lim
Q2→∞,N→∞
1
Γ(N)
(−Q2)N( d
dQ2
)N , (10)
where Q2 is the variable and M2B = Q
2/N . With the Borel transformation, both the
higher dimension or higher twist and higher resonance contributions are suppressed at a
reasonable working window of the Borel mass M2B. Considering the quark-hadron duality
and the Borel transformation, the two representations are matched together to get the sum
6rules of the form factors. In practice the following formulae are used:∫ 1
0
dx
ρ(x)
(q − xP )2 −m2 = −
∫ 1
0
dx
x
ρ(x)
(s′ − P ′2) → −
∫ 1
x0
dx
x
ρ(x)e−s
′/M2
B ,∫ 1
0
dx
ρ(x)
((q − xP )2 −m2)2 =
∫ 1
0
dx
x2
ρ(x)
(s′ − P ′2)2 →
1
M2B
∫
dx
x2
ρ(x)e−s
′/M2
B
+
ρ(x0)e
−s0/M2B
x20M
2 − q2 +m2 ,∫ 1
0
dx
ρ(x)
((q − xP )2 −m2)3 = −
∫ 1
0
dx
x3
ρ(x)
(s′ − P ′2)3 → −
1
2M4B
∫ 1
x0
dx
x3
ρ(x)e−s
′/M2
B
−1
2
ρ(x0)e
−s0/M2
x0M
2
B(x
2
0M
2 − q2 +m2)
+
1
2
x20e
−s0/M2B
x20M
2 − q2 +m2
[
d
dx
ρ(x0)
x0(x20M
2 − q2 +m2)
]
,
(11)
in which s′ = (1− x)M2 − 1−x
x
q2 + m
2
x
, x0 =
−(−q2+s0−M2)+
√
(−q2+s0−M2)2+4M2(−q2+m2)
2M2
.
The final sum rules for the form factors are
2fΛcf1e
−
M
2
Λc
M2
B =
∫ 1
α20
dα2e
s
′
M2
B
{
−B0(α2)− M
2
M2B
B1(α2) +
M2
α2M2B
B3(α2)
−M
4
M4B
B4(α2) +
m2cM
2
α22M
4
B
B3(α2)
}
+
Mes0/M
2
B
α220M
2 − q2 +m2c
×
{
− α220B1(α20) + α20B3(α20)−
α220M
2
M2B
B4(α20) +
m2c
M2B
B3(α20)
}
+
α220M
2es0/M
2
B
α220M
2 − q2 +m2c
d
dα20
{α220M2B4(α20)−m2cB3(α20)
α220M
2 − q2 +m2c
}
(12)
and
2fΛcf2e
−
M
2
Λc
M2
B = MΛc
∫ 1
α20
dα2
e
s
′
M2
B
α2
{ M
M2B
B0(α2) +
M3
M4B
B4(α2)
}
+
α20Me
s0/M2B
α220M
2 − q2 +m2c
{
B2(α20) +
M2
M2B
B4(α20)
}
− α
2
20M
3es0/M
2
B
α220M
2 − q2 +m2c
d
dα20
{α20B4(α20)−m2cB3(α20)
α220M
2 − q2 +m2c
}
. (13)
In the expressions α20 is the same as that of x0 in Eq. (11). It is also noted that calculations
show that the axial form factors gi(q
2) satisfy the relation gi(q
2) = fi(q
2) for i = 1, 2.
III. NUMERICAL ANALYSIS OF THE SUM RULES
The most important inputs in the light-cone QCD sum rules are the light-cone dis-
tribution amplitudes of the hadron. In the following analysis, we use definitions and the
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FIG. 2: Dependence of the form factors f1(0) (a) and f2(0) (b) on the Borel parameter. The
dashed, solid, and dotted lines correspond to the points s20 = 7.5, 8, 8.5 GeV
2, respectively.
nonperturbative parameters presented in Refs. [17, 18, 26]. We do not show them explicitly
in this paper, and those interested in the contents are referred to the references above.
There are still some other parameters which need to be determined. In the numerical
analysis, we adopt the masses of the charm quark, the neutron and the Λc baryon as
mc = 1.27GeV, M = mn = 0.939GeV and MΛc = 2.286 GeV. The coupling constant
fΛc defined in Eq. (4) is another important parameter to be determined. In the following
analysis we use the estimate obtained in Ref. [6]: fΛc = (9.1±0.2)×10−3 GeV2. In addition,
two artificial parameters, the continuous threshold s0 and the Borel mass M
2
B, need to be
determined. The threshold s0 is the parameter to be used to represent the continuous
contribution by integrating the spectral density in the area above it. In the viewpoint of
the physical content, the threshold is related to the first excited state of the inserted ground
hadron, the Λc baryon. Additionally, the result should not depend on the threshold two
much. In the work, we choose the value in the region 7.5GeV2 ≤ s0 ≤ 8.5GeV2. Another
parameter, the Borel mass, is determined with the requirements that both higher twist
contributions and higher resonance contributions are suppressed, and the sum rules do
not depend on the Borel mass too much in the working region simultaneously. Making
use of the light-cone distribution amplitudes presented in Ref.[17, 18, 26], we show the
dependence of the form factors on the Borel parameter at the squared momentum transfer
q2 = 0GeV2 in Fig. 2. The results indicate that in this window the sum rules of the form
factor f1(0) meets the above requirements and are flat on the Borel parameter. However,
the form factor f2(0) depends much on the Borel mass in the same region. The working
window of Borel mass is thus chosen as 7.5GeV2 ≤ M2B ≤ 8.5GeV2. To make a more
reliable estimate of the decay mode, we plot the q2 dependence of the form factors f1(q
2)
with the Borel mass being chosen as M2B = 8.0GeV
2 and f2(q
2) with the three different
points of Borel mass M2B = 7.5 , 8 , 8.5GeV
2 in Fig. 3.
When calculating the correlation function at the quark level, we need to expand it on
the light-cone with twists. The higher twist contribution is suppressed by a factor 1
m2c−q
2
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FIG. 3: (a) q2 dependence of f1(q
2) with M2B = 8GeV
2. The dashed, solid, and dotted lines
correspond to the points s20 = 7.5, 8, 8.5 GeV
2. (b) q2 dependence of f2(q
2). The middle three
lines are the same as that of (a). The upper and lower solid line represents M2B = 7.5 , 8.5GeV
2
with s0 = 8GeV
2.
TABLE I: The fit for f1(q
2) and f2(q
2) with formula (14).
fi(0) a1 a2
f1 −0.518 ± 0.020 −2.372 ± 0.152 2.536 ± 0.355
f2 −0.441 ± 0.008 −1.428 ± 0.055 0.286 ± 0.081
compared with the lower twist one. Therefore the expansion is only reliable in the region
where m2c−q2 is large enough. In other words, the sum rules can only be well used in some
range of the momentum transfer. In the analysis we choose the region of q2 ≤ 0.8GeV2
under the requirement that m2c − q2 > mcΛQCD. In order to get the form factors in the
whole dynamical area, we need to extrapolate the results with some methods. The basic
idea of the extrapolation is that the form factors are assumed to be smooth in the dynamic
region so that the analytical results obtained in a relatively narrow region can be fitted with
some polynomial functions. We firstly fit the sum rules in the region 0 ≤ q2 ≤ 0.8GeV2
with a general dipole formula
fi(q
2) =
fi(0)
1 + a1q2/M2Λc + a2(q
2/M2Λc)
2
. (14)
In order to get reliable results, the fitting coefficients are determined as follows. For
given Borel massM2B and threshold s0, the fitting formula (14) is used to give a set of values.
With different choice of M2B and s0, several estimations of the coefficients are obtained.
The central values of the coefficients come from the average of different fitting results. The
errors come from the uncertainties of the inputs M2B and s0. Tab. I presents the fitting
results with the parameters 7.5GeV2 ≤ M2B ≤ 8.5GeV2 and 7.5MeV2 ≤ s0 ≤ 8.5GeV2.
With the fitted coefficients, the form factors can be extrapolated to the whole dynamic
region.
9TABLE II: The fit for f1(q
2) and f2(q
2) with formula (15).
fi(0) α
f1 −0.521 ± 0.020 1.187 ± 0.120
f2 −0.441 ± 0.008 0.443 ± 0.041
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FIG. 4: Differential decay width of the process Λc → ne+νe. (a) illustrates results from Tab. I
and (b) is that of Tab. II
The sum rules can also be fitted with some other formulae. In fact, the fitting formula
(14) is a general form of the dipolar one[29]
fi(q
2) =
fi(0)
(1− q2/M2Λc)(1− αq2/M2Λc)
. (15)
With the same method for the central values and the errors of the fitting coefficients, we
got the results in Tab. II.
The differential semileptonic decay width of the process is determined with the weak
transition form factors by the following formula[24, 26]
dΓ
dq2
=
G2F |Vcd|2
192π3M5Λc
q2
√
q+q−
{
− 6f1f2MΛcm+q2− + 6g1g2MΛcm−q2+ + f 21M2Λc
(m2+m2−
q2
+m2
−
−2(q2 + 2MΛcMΛ)
)
+ g21M
2
Λc
(m2+m2−
q2
+m2
−
− 2(q2 − 2MΛcMΛ)
)
− f 22
(
− 2m2+m2−
+m2+q
2 + q2(q2 + 4MΛcMΛ)
)
− g22
(
− 2m2+m2− +m2−q2 + q2(q2 − 4MΛcMΛ)
)}
,(16)
where m± = (MΛc ±M) and q± = (q2 − m2±) are used for convenience. In analysis, the
parameters appearing in the formula are adopted the central values presented in PDG[30]:
the Fermi constant GF = 1.1663787× 10−5GeV−2, the CKM matrix element Vcd = 0.225.
With the fitting parameters presented in Tab. I and Tab. II, we plot the differential decay
width of the process on the momentum transfer q2 in Fig. 4.
After integrating the differential decay width on the whole dynamic region 0 ≤ q2 ≤
(MΛc −M)2, we obtain the prediction of the total decay width Γ(Λc → ne+νe) = (8.89±
10
TABLE III: Branching ratio of the process Λc → ne+νe from different references.
Model [4] [12] [9] [10] This work
Br(%) 0.236 0.27 0.293 0.268 0.27 ± 0.01
0.36) × 10−15GeV with fit (14) and Γ(Λc → ne+νe) = (9.52 ± 0.24) × 10−15GeV with
fit (15), both of which are much less than that of the mode Λc → Λe+νe [2]. As the
fit formula (14) is a general form of the dipole formula, it is reasonable to assume its
prediction is more reliable. Furthermore, by using the mean life time of Λc presented
in PDG [30] τ = (200 ± 6) × 10−15s, we estimate the branching ratio of the process
Br(Λc → ne+νe) = 0.27 ± 0.01% with results from Tab. I. It is shown in Tab. III the
results from some other models. It can be seen that our estimates are consistent with
other predictions and the results are steady with the two fit formulae. Although the
branching ratio of this process is very small, it is still important because the long lifetime
of the neutron makes it possible to measure the result more accurately than other channels.
IV. SUMMARY
The semileptonic decay of the Λc baryon is a useful channel to test the Standard Model
and the intrinsic structure of the strong interaction. Considering the recent development
in experiments on the decay modes of Λc, we investigate the weak transition form factors
of the channel Λc → ne+νe in the framework of light-cone QCD sum rules. We present the
dependence of the form factors on the momentum transfer in the region where the sum
rules are valid. Furthermore, we fit the form factors with a dipole formula and extrapolate
them into the whole dynamic region. The differential decay width is presented in the
whole dynamic region with the fitted parameters. The total decay width is obtained by
integrating the differential decay width in the dynamic range 0 ≤ q2 ≤ (MΛc −M)2 to be
Γ(Λc → ne+νe) = (8.89±0.36)×10−15GeV and the branching ratio is estimate with the aid
of the mean life time of the Λc baryon to be Br(Λc → ne+νe) = 0.27± 0.01%. The results
show that this decay mode is fairly large and deserves to be measured in experiments.
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